In this paper, the results of a parametric study on groundwater drawdown-induced surface settlement during tunneling in waterbearing ground are presented. A calibrated stress-pore pressure coupled finite element model was adopted for the parametric analysis. The results were analyzed to establish the relationships between key design issues, such as the ground surface settlement and groundwater drawdown, and influencing factors. An artificial neural network (ANN)-based sensitivity analysis was performed to obtain insight into the relative importance of the influencing factors. The results indicated that the primary influencing factors on the settlement development are the thickness and stiffness of the soil layer within the drawdown zone and the lining permeability, while the initial void ratio and the permeability of the soil layer were considered secondary influencing factors. Practical implications and findings of the study are discussed.
Introduction
Tunneling activity in water-bearing ground may result in unwanted groundwater inflow into the excavated area, thus causing some groundwater drawdown. Tunneling-induced groundwater drawdown has been known to induce associated ground settlements in addition to the settlements caused by the unloading effect due to excavation (Yoo, 2005; Yoo & Kim, 2006) . The related ground subsidence that occurs as a result of the reduction in water pressure in the soil layers can damage nearby structures or utilities (Fig. 1) .
One of the major case studies concerning excessive ground surface settlements during tunneling is the Romeriksporten tunnel construction in Norway, where more than 1 m of ground subsidence occurred due to groundwater drawdown during the construction of a high-speed railway tunnel. This caused significant technical and political issues pertaining to the effect of tunneling on the surrounding environment (NSERA, 1995) . Another significant case study was reported by Yoo, Lee, Kim, and Kim (2012) in which conventional tunneling in water-bearing permeable ground under an airport in operation caused excessive ground surface settlements on the apron area due to inadequate groundwater control. Fig. 2 (a) shows a typical tunnel cross-section with the support pattern that was implemented. Although pre-grouting was implemented by creating a 5-m-thick watertight shell around the tunnel periphery for sections in which the weathered soil layer extended to the tunnel crown level, significant ground drawdown, as much as 25 m, occurred ( Fig. 2(b) ). The groundwater drawdown caused nearly 200 mm of excessive surface settlements as shown in Fig. 2(c) . Details of the case study can be found in Yoo et al. (2012) . The above case studies emphasize the importance of groundwater and settlement control during tunneling operations in groundwater drawdown environments.
The limited number of studies on this subject include Attewell, Yeates, and Selby (1986) , O'Reilly, Mair, and Alderman (1991) , Mair, Potts, and Hight (1991) , Bowers, Hiller, and New (1996) , and Anagnostou (2002) , in which the characteristics of ground surface settlement caused by tunneling in water-bearing ground were studied. Later, Yoo (2005) conducted a comprehensive study focusing on the interaction between tunneling and groundwater during tunneling in water-bearing ground. He reported that the groundwater drawdown induces a wider and deeper settlement trough than that without the groundwater drawdown, and the optimum pattern of pre-grouting that minimizes the groundwater drawdown during tunneling. Recently, Shen, Wu, Cui, and Yin (2014) conducted a comprehensive study on long-term settlement behavior of the metro tunnel in Shanghai. They reported that nearby construction and groundwater infiltration are responsible for the long-term settlement of the tunnel.
Although not directly related to tunneling, studies on ground movements due to groundwater lowering caused by dewatering have also provided relevant ground movement mechanisms due to groundwater lowering. Available studies include Shen, Tang, Bai, and Xu (2006) , Qiao and Liu (2006) , Xu, Shen, and Bai (2006) , Xu (2011), Shen, Ma, Xu, and Yin (2013) , which focus on the effect of groundwater lowering on long-term ground subsidence caused by dewatering in Shanghai area. More recently, Xu et al. (2015) conducted an investigation into subsidence hazards due to groundwater pumping from an aquifer in Changzhou. The reported governing mechanism of ground subsidence due to groundwater lowering has significant implications to the tunneling problem. The aforementioned studies have provided insight into the governing mechanism relevant to groundwater drawdown-induced ground settlement during tunneling. Further in-depth studies are necessary to develop more efficient and robust measures for control of groundwater drawdown and associated ground settlement during tunneling in water-bearing ground.
In this study, the results of a parametric study on groundwater drawdown-induced surface settlement during an urban tunneling situation are presented. Numerous tunneling cases were developed for consideration of the Seoul metro extension design project, in which the control of ground settlements associated tunneling-induced groundwater drawdown was a primary design issue. A parametric analysis was performed on the developed tunneling cases to create a database using a calibrated stress-pore pressure coupled finite element model which can simulate the tunneling and groundwater interaction. An artificial neural network (ANN) based sensitivity analysis was performed to provide insight into the relative importance of the influencing factors.
The results indicated that the primary influencing factors on the settlement development are the thickness, stiffness of the soil layer within the drawdown zone, and the lining permeability. The initial void ratio and the permeability of the soil layer are found out to be secondary influencing factors. Strategies that minimize the inflow quantity are therefore of prime importance in limiting the ground surface settlement during tunneling in water-bearing ground. The following sections present the tunneling cases considered, the 2D stress-pore pressure finite element model, results, and the practical implications of the findings.
Parametric study

Tunneling condition
In this study, a tunnel section with a width and height of approximately 10 m and 8.5 m, respectively, was considered. The typical tunneling condition considered in this study is shown in Fig. 3 . The tunneling cases considered in this study were developed with consideration of the Seoul metro extension project. As shown in Fig. 3 , multi-layered ground consisting of a fill or alluvium, a weathered rock, and soft as well as hard rock, was considered. Geotechnical properties of the soil/rock layers considered are given in Table 1 .
Different support patterns, specifically PD-2B, PD-2A, and PD-3B, were adopted depending on the ground type at the face as summarized in Table 2 . As shown, the primary support system consisted of a 0.15-0.25-m-thick steel fiber reinforced shotcrete (SFRS) layer with 4 m long system rock bolts at (0.8-1.0) m and (1.0-1.2) m transverse and longitudinal spacing, respectively. The pipe umbrella technique using 800-mm diameter grout-injected 12 m long steel pipes was adopted for PD-2B to promote face stability by improving the load carrying capacity of the ground in front of the face. Fore poling is adopted when necessary for the remaining support patterns. Pre-grouting or postgrouting was not adopted, although the groundwater level was assumed to be at ground level (GL) -3 m. Table 1 Geotechnical properties of soil/rock layers.
Rock type (RMR)
Description Considering the ground profile and the support patterns mentioned above, a number of tunneling conditions were developed to perform a parametric study. Table 3 summarizes the tunneling conditions considered in the parametric study. In all cases, the groundwater table was assumed to be at the ground surface.
Stress-pore pressure coupled finite element analysis
A stress-pore pressure coupled finite element model was adopted in this study for realistic simulation of tunneling and groundwater interaction. This was necessary because realistic simulation of tunneling and groundwater interaction was essential to successfully model ground movement development during tunneling in groundwater drawdown environments. In the coupled formulation, a porous medium is modeled approximately by attaching the finite element mesh to the solid phase. Details of the coupled formulation can be found in Abaqus (2016). Fig. 4 shows a typical finite element model adopted in this study. Due to the symmetry about the tunnel centerline, only half of the tunnel section was modeled. As Table 3 Cases considered in the parametric study.
Cover depth (H) Rock type Thickness of soil (t s ) Void ratio of soil layer Permeability of Shot'c k shot (cm/s) shown, the finite-element mesh extends vertically to the solid rock layer and laterally to a distance of 18D from the tunnel central axis. At the vertical boundaries, displacements perpendicular to the boundaries are restrained, whereas pin supports were applied to the bottom boundary. With regard to the hydraulic boundary conditions and with reference to Fig. 4 , a no-flow condition was assigned to the left vertical boundary while a constant hydraulic water pressure was assumed at the right vertical boundary throughout the analysis with the groundwater level at the ground surface. The locations of the lateral and bottom boundaries were selected so that the presence of the artificial boundaries does not significantly influence the stress-strain-pore pressure field in the domain. Free drainage was allowed at the excavated surface by assigning zero-pore pressure flow boundary condition to allow the water inflow to occur during tunnel excavation.
In the discretization, eight-node displacements and pore pressure elements with reduced integration (CPE8RP) were used for the soil/rock layers below the initial groundwater table and the shotcrete lining. On the other hand, the soil layer above the groundwater table was discretized using eight-node stress/displacement elements (CPE8R). The soil and rock layers were assumed to be an elasto-plastic material conforming to the Mohr-Coulomb failure criterion together with the non-associated flow rule proposed by Davis (1968) . The shotcrete lining was assumed to behave in a linear elastic manner. The time dependency of the strength and stiffness of the shotcrete lining after installation was not modeled in the analysis, but rather an average value of Young's modulus of 10 GPa, representing green and hard shotcrete conditions reported in the literature (Queiroz, Roure, & Negro, 2006) , was employed.
In simulating the tunneling process, the actual tunneling sequence adopted at the site was followed closely. Prior to the tunnel excavation, the pore pressure below the ground water table was assumed to be hydrostatic. After establishing the initial stress and pore pressure conditions, the tunnel excavation was executed for five days by removing elements corresponding to the excavation area, after which the shotcrete lining installation was simulated for another five days. Immediately after excavation, the zero-pore pressure flow boundary condition was assigned to the excavation boundary. The tunnel operation phase was simulated in the subsequent step for 10 years to allow for water inflow, if any occurs. The pipe umbrella and fore poling were not modeled to simplify the analysis. The results presented in this paper are therefore considered conservative in terms of tunnel deformation and ground settlement.
The 3D effects of the advance of a tunnel heading were considered using the ''stress relaxation method", which progressively applies the boundary stresses arising from the removal of excavated elements to simulate the progressive release of the excavation forces as the tunnel heading advances. Modeling the 3D effects using a 2D model for a tunneling problem is beyond the scope of study and can be found elsewhere (Bernat & Cambou, 1995; Yoo & Kim, 2007) . Fig. 5 shows the variations of S v,max with the thickness of the soil layer (t s ) within the drawdown zone and the shotcrete lining permeability coefficient (k shot ). The results shown in Fig. 5 emphasize the importance of the thickness of the soil layer (t s ) in the drawdown zone and the shotcrete lining permeability coefficient (k shot ) on the maximum surface settlement (S v,max ) development. It should be noted that k shot is indirectly related to the amount of groundwater inflow into the tunnel. Despite the scattering of the data shown in Fig. 5(a) , S v,max increases as t s increases. Additionally, for a given thickness of soil layer t s , Fig. 5(b) shows that the settlement S v,max increases with increasing shotcrete lining permeability k shot primarily due to larger water inflow into the tunnel when k shot is larger. The rate y = 3.2x + 3.92 that S v,max increases with an increase in k shot appears to be higher when the thickness of the soil layer within the drawdown zone, t s , is larger.
Results of parametric study
Effects of influencing factors on ground surface settlement
The variations of S v,max with the geotechnical parameters of the soil layer within the groundwater drawdown zone are shown in Fig. 6 . The salient feature that is observed in Fig. 6 is that S v,max tends to vary most with the stiffness of the soil layer E, as shown in Fig. 6(a) where S v,max varies more than 100% for the range of E considered. The initial void ratio e and the permeability k s of the soil layer, however, exhibit less than 15% variation for the range of soil layer thickness t s = (2-8.5)m considered, as shown in Fig. 6(b) and (c) . These results imply that the stiffness of soil layer E is the primary influencing factor while other parameters, such as the initial void ratio e and the permeability k s , are the secondary influencing factors.
Sensitivity analysis using artificial neural network (ANN)
A generalized ANN can be used to identify which of the input variables have more significant impact on the predictions by performing a sensitivity analysis (Yoo & Kim, 2007) . In this study, an ANN model that relates the maximum ground surface settlement (S v,max ) and the groundwater drawdown (H D ) with the tunneling parameters was used to perform the sensitivity analysis.
Artificial neural network
Artificial neural network (ANN) is a simplified mathematical model inspired by the biological structure and functioning of the brain. The main advantage of ANN is an ability to learn, recall, and generalize using training data by assigning or adjusting the connection weights (w kj ) (Fig. 7) . Once trained with proper data, an ANN can successfully describe relationships between variables that may be difficult using mathematical terms. The theoretical background of ANN is beyond the scope of this paper and can be found elsewhere (Hornik, Stinchcombe, & White, 1989) .
ANN training
The results of the stress-pore pressure coupled finite element analysis (FEA) were used to develop an ANN model that relates the maximum ground surface settlement (target) and the influencing factors (input). The influencing factors considered include cover depth (H), ground type at face (G R ), thickness (t s ) and void ratio (e) of the fill layer, permeability coefficient of shotcrete lining (k shot ), and construction time (P). In total, 148 data sets were created, which were then further divided into three subsets (training set, testing set, and validation set) to avoid model overfitting as suggested by Shahin, Maier, and Jaksa (2002) . A total of 80% of the data sets was used for training and the remaining 20% was used for validation. The training data were further divided into 70% for the training set and 30% for the testing set. The data sets used for ANN training are given in Table 4 . After dividing the data into subsets, the data were pre-processed before being input to the ANN so that all variables receive equal attention during training. This was accomplished by scaling the output variables to values between 0 and 1 to commensurate with the limits of the transfer function (log-sigmoidal function) used in the output layer.
A feedforward network was adopted, which uses the back-propagation algorithm (Rumelhart, Honton, & Williams, 1986, chap. 8 ) based on the first-order gradient descent. As performance of an ANN model is significantly influenced by how the model architecture is selected, an optimum number of hidden layer nodes and optimum internal parameters (i.e., momentum term and learning rate) were determined by examining the performance of ANN with these parameters using the testing set.
Figs. 8 and 9 show the performance of the ANN for the training and validation sets. As shown in these figures, excellent correlations between the ANN predictions and the target values are observed in the output variables. Statistically, excellent predictive capability is demonstrated as the coefficient of determination R 2 values exceed 99%. This demonstrates the consistent predictive capability of the ANN model for the validation sets and training sets.
Sensitivity analysis
To further investigate the relative importance of the influencing factors on the maximum ground surface settlement as well as the groundwater drawdown, a sensitivity analysis was carried out using the developed ANN following the technique proposed by Garson (1991) , which utilizes connection weights for the input and hidden layers ; and connection weights for the input and output c ij = w ij Â w oj . The computed relative importance values are plotted in Fig. 10 . As shown in Fig. 10(a) , for the ground surface settlement, the permeability coefficient of shotcrete (k shot ) is the most influential factor with RI = 30%, followed by the cover depth (H) with RI = 28%. The other remaining factors appear to have a similar degree of influence with RI values of approximately 10%. Similar results are shown in Fig. 10(b) , in which the permeability coefficient of shotcrete (k shot ) also has the largest effect on H D with an RI value of 25%, followed by the cover depth, void ratio, and thickness of fill with RI values of approximately 17%. The thickness of the fill layer appears to be the least influential factor with an RI value of 10%. The construction period P has moderate influence with an RI value of 12%.
In summary, the sensitivity analysis indicated that the permeability coefficient of shotcrete lining has the largest influence on the ground surface settlement as well as the groundwater drawdown during tunneling in waterbearing ground. This is because the permeability coefficient of shotcrete is directly related to the water inflow during tunneling, which controls the magnitude of groundwater drawdown and, therefore, the ground surface settlement. It is concluded that minimization of the water inflow quantity into the excavation area is of utmost importance in controlling the ground surface settlement during tunneling in water-bearing ground.
Conclusions
The results of a parametric study on the groundwater drawdown-induced surface settlement during tunneling in water-bearing ground are presented. Numerous cases were developed considering the Seoul metro extension design project, in which ground settlements associated with tunneling-induced groundwater drawdown was an important design issue. A calibrated stress-pore pressure coupled finite element model, which can simulate the tunneling and groundwater interaction, was adopted for the parametric analysis. The results were used to establish relationships between the ground surface settlement as well as groundwater drawdown and the influencing factors. An artificial neural network (ANN)-based sensitivity analysis was performed to obtain insight into the relative importance of the influencing factors. The following conclusions can be made based on the findings from this study, however, they are limited to design cases similar to those considered in this study.
(1) The groundwater drawdown during tunneling causes an increase in the effective stress in the drawdown affected area due to the pore pressure reduction caused by the drawdown. The reduction in the void ratio causes additional settlement in addition to the settlement that occurs by the unloading effect due to tunnel excavation. (2) The primary influencing factors on settlement development are the thickness and stiffness of the soil layer within the drawdown zone, and the shotcrete lining permeability (amount of water inflow). The initial void ratio and the permeability of the soil layer within the drawdown zone are secondary influencing factors.
(3) The ANN-based sensitivity analysis indicates that the permeability coefficient of shotcrete lining has the largest relative importance value, which suggests that the permeability coefficient of shotcrete lining has the largest influence on the ground surface settlement as well as the groundwater drawdown during tunneling in water-bearing ground. (4) Measures that minimize the inflow quantity are of utmost importance in limiting the ground surface settlement during tunneling in water-bearing ground. 
